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RESEARCE MEMORANDUM

FULL-SCALE INVESTIGATION OF THE MAXIMUM LIFT ARD
FLOW CHARACTERISTICS OF AN ATRPLANE BAVING
APPROXIMATELY TRIANGULAR PLAR FORM .

By Herbert A. Wilson, Jr. and dJ. Calvin Lovell

SIMMARY

An investigation of the DM-1 glider, which has approximately
triengular plen form, airfoll sections similar to the NACA 0015-6k,
an aspect ratio of 1.8, and a 60° swept-back leading edge, has been
conducted in_the Langley full-scale tunnel, together with auxillary
studles of 11'5 -acale model trianguler wings, carried on in
the __—E’— -gcale model of the full-scale tunnel. The IM-1 glidexr was

designed as part of a German research program directed toward the
development of a supersonic airplane. The glider hsd a maximum 1ift

coefficient of 0.60, whereas the —%-scale model tests gave & maximum

1ift coefficient of approximately 1.0. The addition of sherp leading
edges to the IM-1 glider increased its maximum lift coeffliciemnt

to 1.01. Removing the vertical fin from the glider, sealing the
large control-balsnce gaps, and instaelling a semispan sharp leading
edge increased the maximum 1ift coefficient to 1.2k. It is concluded
from these tests that the airfoll sectlions having sharp leading edges
or small leading-~edge radii, which are believed to be desirable for
supersonic flight, will also have acceptable and perhaps superior
low-speed characteristics when used in highly swept-back wings.

The flow over triengular wings of low aspect ratlo at low scale
is characterized by voritlces sbove the uppsr surfacse of the wing,
inboerd of the tips. These vortices aid in obitaining high maximum
1lift coefficients, and they cen be produced at large scale by using
airfoll sections having sharp leading edges.

It appears that with triangular winge of aspect ratlo of about 2
meximum 1ift coefficlents of the order of 1.2 cen be obtained. The
corresponding angles of attack, however, are likely to be considerably
lerger than those for existing conventionsl elrplanes. Furthermore,
since the lift-drag ratioc approaches 1, the angles of descent without
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power are likely to be prohibitive end airplanes ueing thls type of
wing probebly will not lend safely without power.

INTRODUCTION

Rosearch directed toward the attalmment of supersonic flight has
led to interust in the high-speed characteristics of wings of algh
sweep and of low aspect ratic. At prosent, however, there 1s only
limited full-scale data on the maximum 1ift and etelling charac-
teristice of such wings. An investigatlion of the IM-1 glider, which
was designsd in Germeny as & pert of a regearch progrem directod
toward the development of a supsrsonic alrplene, was mede in the
langley full-scale tunnel to cobtain information on the characteristics
of an elirplane configuration having an approximeately triangular plan
form. The first tests of the IM-1 glider in the Leongley full-scale
tunnel disclosed that the maximum 11ft coefficient of the glider
was conslderably lower than had becn indicated by previous small-
scale tests of similar configurations at DVL in Germany and in
several tunncls in the United States (see reference 1). The progrem
vag therefore interrupted and an investigation to determinc the
coause of the low maximum lift was undertsken. Tho prezsnt paper
includes e detailod account of the steps leading to the use of a
sharp leading edge to improve the maximum 1ift coefficlent, a
discuasion of the aercdynemic phenomeuna involved, and curves showing
the acrodynemic characteristice of séverel modificutions of the
IM-1 glider:

OIMBOLS
o angle of attack, degress
Gy, 11t coefficient
Ch pitching mcment coefficient
©,  dreg coofficicat
A aspect ratio
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EQUIFPMENT AND TESTS

M-l Glider and Modificatlons

The DM-1 glider was designed as one step in a German research
program directed toward the development of a superscnic airplene.
The eventual alrplans wes to have been powered with a jet engine.
The DM-1 glider had no power and was intended primarily for the
investigation of the flying characteristics at high angles of
attack.

The DM~} glider had an apprcximately triangulsar plan form,
airfoil sections similar tc BACA 0015-64, en aspect ratio of 1.8
and s 60° swept-back lesding edse. It was constructed almost
entirely of wood; the ekin was ls-ﬁnch three-ply birch plywcod

and the spars and ribs were of conventional box-beam construction.
The principal dimensions of the glider are given in figure 1(a)

and teble I... Geperal views of the glider mounted on the full-scale-
tunnel balance supports for tests are shown in figure 2. The glider
as received was equipped with a rudder for dirsctional control and
elevons for lateral and longltudinal control. Detaills of these
surfaces are also shown in figure 1(a) and table I. The balance

on the control surfaces was similar to other elliptical overhung
control balances. The balance gap was relstively large, however,
and the shape of the wing Just ahead of the balsnce gap wes eliiptical.
A typical section through the control surface and the ‘fedr pari

of the wing is shown in figurs 1(b).

The basic configuration for the investigation was the original
DM-1 glider, which had the control-balance slots open and the large
vertical fin on. The first mcdification made to improve the meximm
11f% characteristics was the addition to the wing of the semispan
sharp leading edge shown in figure i(b). Next, the vertical fin wes
removed which left the glider as shown in Figures 2(b) and 2(c). The
three configurations tested with the vertical fin removed wers:

(1) Glider wing with control-balance slots open

(2) Glider wing wilth control—balasnce slotm sealed to prevent air
flow through them end felred over on the upper surface

(3) Bame &s configuration (2) with the sharp leading edge added
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Smell -Scale Models

As a further aid in the study of the characteristics of the

flow over the DM-1 gliider, two triasnguler-wing models, cne having
airfoll sections 15-percent thick and the other having very thin and

1
sherp~edge soctlons, were constyucted for tests in the jg°scale modsl

of the Langley full-scale tunnel (reference 2). Theere models were
not exact scale models of the DM-1 glider, but had the seme aspect
ratic, the same ratio of model size to tumnel size, and slightly

agreater sweepback.

Teats

The aeorodynsmic characteristics of eath glider configuration
were determined throughout the angle-of -attack renge at zeroc angle
of yaw. The tunnel elrspesed for the full-scale tests was limited to
approximately 45 miles per hour, because of the light structure
ingide the glider that wae svailable for comnecticn with the model
supporting struts. Thls alrspeed corresponds to a Reynolds number

of k.5 x 10~ based on the mean geometric chord of 10.97 feet. For
each of the glider and model configurations investigeated, thev &i-
rectlon of the flow and the progression of the stall, as indicated
by woel yarn tufts attached to the wing, were determined. Obser-
vations of the flow were also made by use of zinc chloride smoke.

The direction and naturs of flow over the model wings were observed
with a single wool streamer attached to the end of a hand-held probe.

MAX TMUM-1.IFT INVESTIGATION AND FIOW STUDIES

The varlaetions of the pitching-moment coefficient, the drag
coefficlent, and the angle of* attack with 1iPt coefficient for the
basic canfiguration ars shown by the curves lebeled 'Original DM-1
glider" in figure 3. The maximum 1ift coefficlent was approximately
0.6 and the accampenying stall, as indicated by the tuft surveys
(fig. 4(a)), progressed inward from the tips in much the same
menner as the stall of conventional wings of high tapsr ratilo.

The meximun 11ft coefficient was about 0.3 less than was indicated
by low-scale wind-tunnel tests of verlous trisngular wings and
triangular flat plotes having ebout the same espect retio. {See
references 1, 3, and 4.) Moreover, the wing stalled at an angle of
attack of 186, vhereas ihe low-scale tests indicated that the stall
engle would be about 40°. Scme fundemental difference between the
flow over the full-scele wing and the flow over the medel wing
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appeared to exist.

The investigation of the flow over the ?i;-ﬂcale models in the

model tumnel showed, in agreement with references 1, 3, and 4, that
the wings stalled at angles of attack near 40°, and thers was no
particular evidence of tip stalling at engles of atback below
meximum 1ift. Furthermore, there was no significant difference in
the flow for the sharp-edge thin sectlon and for the 15-percent
thick wing. The flow for these model wings was characterized by
two vortices, which originated at the apex of the triangle and
increased in size as they passed downstream, with thelir cores
located sbove the upper surface of the wing and inboard of the tips.

Tuft surveye and smoke-flow studies made of the full-scale
IM-1 glider showed that no vortex flow such as that for the-i;—scale

model existed sbove the upper surface of the wing. The only vortices
present were the usual ones originating at the wing tips. Diagrams
for the flow patterns over the full-scale DM-1 glider end the

iﬁ;scale models are shown in figure 5. The reason for the fundamental

difference between the flow patterns is believed to be as follows:
According to the theory of reference 5, the flow about a triangulsar
wing can be represented as the sum of & cross ccmpanent, which at

sach transverse section is aprroximately the theorctical two-dimensional
flow about the section (see fig. 5(b))}, and the longitudinal component.
In general, such a two-dimensional transverse flow cammot exist,
because of the boundary-layer separation eround the highly curved
cdgss; however, when the longitudinal velocity component ls combined
with the trarcsverss component, the boundary layer follcws an easy

curve around the lesading edge a3 indicated in Ffigure 5(a) and is

not necesserlly forced to separate. For either the actual lider or
the small modele, it is expectsed thet, even at low angles of attecl,
the boundsry layer in this flow around the leading edgze could not
withstend the adverse pressure gradient jusit behind the leading edge.
For the full-scale glider, any seperation of the laminar layer would,
however, merely induce trensition to & turbulent layer, which

eventually would separeic near the tralling edge. On ﬁheé%;-scale

model, however, such tremsition does nct occur, because of the low
Reynolds numbers. (See refercnce 6.) Hence, the flow soparates
completsly near the leading sdge, and the cross component taekes on
the appearance of figure 5(d). When the lonzitudinel component of
the vclocity is superimposed, the trailing vorticses are formed
above the upper surface of the modsl wing, as indicated in

figure 5(c). Similar vorticees have been observed &t the side of

a rectangular flat plate by Winter (reference 7). The actual stall
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possibly occurs at the angle of ettack for which a stream line of
the flow off the leading edge feils to curve over enough to meet
the upper surface of the wing again befare it tralls downstreem.

It eppeared that if the vortex action could be preduced on the
full-scale glider, large gains in the maximum 1ift coefficilent
would result. Inasmich as the phencmenon was attributed to a
separation at the leading edge of the wing, it was decided to force
this separation by providing the full-scale wing with e sharp leading
edge. Preliminery investigations indicated that a 3-inch strip or
sheet metal projecting outwsrd from the wing leeding edge and
extending half wey along it (fig. 1(b)) would produce the desired
results. Smoke-flow observations and tuft surveys indicated that
the lerge vortices orlginating at the apex of the triengle which
were obgerved at low scale were then pregent over the full-scale
glider. The acrodynamic characterlstics for this cenfiguration
ere shown 1n figure 3. The maximum 1ift vas increased to a value
of 1.01 at an angle of attack of 31°. The dreg coefficient was
not incressed any appreciable amount at low lift ccefficlents.

The stable slope of the pitching-moment curve was reduced by the
sharp leading edge, and the tuft surveys (fig. 4(b)) indicated a
tendency toward tip stalling.

The results obtalned with thie configuraticn, together with the
exploratory work done at low scale had accomplished the original
obJective of determining the reason for esnd correcting the low
maximum 1ift. BHowever. inasmuch as both the pnusually lerge control
balance gaps and the large original vertical fin mey salso have been
affecting the maximum-1ift charecteristice of the alrplane adversely,
& further investigation was made 1o determine their e¢ffects und also
to determine the influence of sharp lsading edgos on the maximum 1ift
of the wing slone. The results of this investigation arc shown 1in
figure 6. The meximum 1lift cosfficient. based on the wing arca of
the bagic configuration increased to 0.92 when the verticel fin
was removed. The 1lift curve still begine to brealz at a lift coef-
ficlent of about 0.6 and an angle of atteck of about 180, a8 waa the
cage with the filn on. Closing the slevon control-belanco elots
increased the maximum 1lift coefficient to 1.05. With the addition
of the sharp lesdlng edges, the highest mexlmum 1ift coefficient
(1.24) was obtained. Tuft photographs for the threc fin-off
configurctions are shown in figures h(c) to 4(e). Ap was the case
with the vertical fin on, the increases in drag coefficlcent at the
low angles of attack due to the sharp leading edses do nct appear
significent. The sharp leading ecdges attached to the wing for these
tests werc not falred into the wing, end it is probcble that a wing
having sharp-leading-sdge airfoil sscilcns would have lcas dreg.

The maximum 1ift coefficient obtained far tho optimun
]
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configuration is in good agresement with the model reaults, and
with the low-scale results of referencesl, 3, and 4. It is of
interest, also, to note that according to the thecry of reference 5

sz-= gA or 2.83 for the present case; whereas the experimental
value 18 only abcut 2.26. As pointed out in reference 5, the simplified

acy,

theory overestimates E;;--for aspect ratios gbove 1.0; the value

given for elliptical winge by the more exact theory of Krienesa is 2.39
for an aspect ratio of 1.8 (fig. 5 of reference 5). The slope of the
1ift curve (fig. 6) increases from 1.8 at low angles of attack to
approximately 2.26 and then decreases to 1.2 for angles of attack

above 28°. The value of 2.26 was used in the preceding comparison,
gince it covers the straisht-line part of the 1ift curve.

In order to determire the usefulness of the maximm 1ift
cbtained, the values of the 1lift-drag retlo must be considered since
thie relationship determines the powsr-off rate of descent. At a
1ift coefficient of 1.0, the lift-drag retio ig 2.5, which
corresponds to an angle of descent of ebout 227 and n rate of descent
of 0.37 timeos the flight speed. At & lift coefficient of 1.2, the
lift-drag retic ia 1.5 and the corrssponding angle and rats of descent

are 3ho end 0.56 times the flight speed,respsctively. It is

concluded that if any reasonsble rate of descent 1s to be maintained
for airplenes with wings seimiler to that of the DM-1 glider, it will
be necegsary eithur to use power for landing or to restrict the design
to relatively low wing loadings.

CONCLUDING REMARKS

The original DM-1 giider, which had approximetely triasngular
plan form, airfoil scctlons somewhat similar tc the NACA 0015-6L,
an aspect ratio of 1.8 end a &0° awept-bac} lecding edgs, had a
maximum 1ift coefficient of 0.60. whereasiz;-'scale tosts of a similar

configuration gave a maximm lift coefficicnt of aspproximatsly 1.

The eddition of sharp leading edges to the criginel IM-1 glider
increascd the maximumm 11ft coefficient to 1.01l. Removing the vertical
fin from the glider, sealing the large control-balance gaps, and
installing a semispan sharp leading e¢dge, increesed the meximum

1ift cosfficient to 1.24. It is concluded from these tosts that the
alrfoll sectlions having shorp-leading edgos or small leeding-edmes
radii which are belleved to be desirable for supersonic flight, will
also have zcceptable and perhaps superior low-spwed characteristics
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when used in highly swept-back wings.'

The flow over trianguler wings of low aspect ratic at low scale
is similer to that which H. Winter (see NACA M No. 798) observed
over rectangulasr flat plates of low aspect ratic and is characterized
by vortices above the upper surface of the wing lnboard of the tips.
The sctlon of these vortices 1s favorable in maintaining ordsrly flow
over the upper surface of the wing to very high angles of attack and
thereby alds in obtaining relatively high maximm 1lift coefficients.
At large Reynolds numbers thils vortex flow can be produced by using
airfoll sections having sharp leading edges, or very small leading-
edge readii.

With trilengular wings of aspect ratio of sbout 2, maximum 1i1f+¢
coefficients of the order of 1.2 can he obtained. The corresponding
angles of attack, however, will be considerably greater then those
for conventional airplanes. Furthermore, since the lift-dragz ratioc
is approaching 1, the angles of descent without power are likely
to be prohibitive and sirplanes using this type of wing probably
will not land sefely without power.

Langley Memorial Aeronautical Laboratofy
Natlonal Advisory Committes for Asronsutics
Langley Field, Va.
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TABLE I
DIMENSIONS OF THE DM~-1 GLIDER

Wing:
Span, foebteewaes... Creeeariarensranas cieeaees Cerincenes .. 19.6
Wing arse, square fect. ..o i ieiiineriiiiansrasnnees eerr 215.0
V= TR i - v o creseers 1.8
Airtoll Bechloml.ecveevesccrannans . rpproximately NACA 0015-64%
Thickness, percent chcra .......... Cerrecrresnesrraraenas o 15
Point of greatest thickness, percent chord...... eanee R T
Root chord, fect. cciiivinncecicennss Cetiereisttaortonnnn 20.75
Mean gesomstric chord, feet........ Sesesssaesensarnen oev s 10.G97
Wing twist, degreeB. .ttt it viiitiriectinsastoncacosnns svees O
Dihedral, dogrees..--c.ccircesrnn tecaann tesecssesenaataanean 0
Sweepbeck (I..E.), degroes.............. Cereans Cetrereinanns 60
Sweepforverd (T.E.), 36gre0B.,ccceircecs besesasenaanans e 15
Vertical locetion of center of gravity, percent root chord

From chord 1ine ....ccecveeeesnss etersensrrsscestanonnn o}

Horizontal location of center of gravity, percent root chord 50

Borizontal control surfsces:

Total elevon ares, BQUATE FoBb-ciceeierioiencnsrersenncnes 23.3
Elevon chord, feet.civvviivianaoans, Pisissesssaeannesnae 1.95
Elevon hinge location, percent chord...ccesnieeceneeseacnne 27
Elevator angle range, Aegreo8....sveeescoscsnesnsen » 28 5 -2h
hilcron angle renge, G3gro0€S8..-seceness e ereaann 21 to -21
Total trim flap aree, square foet.....vveverenn... eeenes . 6.97
Trim £lap chord, £Eet.e.sieieinierctictersnescancnnnnas ve. 1.38
Vertical tail:
Height, fuot.i.ciciiiiiiiiiaisieietcnriscneennannenennens 8.58
Aree, (to chord line of wing) aquarc Feobenrrenrianennnnan & .6
Y = T v - v &
Airfoll Bachion..veecreccreennannnsn Approximately KACA €015-64
Thickness, porcent Chor@...cviveeneiineenrnnnencnenrenenn 175
Point of groateat thickness....vv et ieeenerennecnacananens Lo
Root chord, feob.e.vueiiiierrenneannnn teseessaaaeanees o 10.7
Angle of sweepback (L.E.), dsgrees ............ Cteseeeeennan 65
Angle of sweepforward (T. E. }, degrees.iciiennnnns cheaenenna . 0
Rudder arca, squsre feebt.......... Feesisseiseraeracananas 8.01
Rudder chord, £ee0.cieieiiiteninncecnerivncceconnccaasns e 1.32
Hinge locotlon, poercent...ceicecersenncens Crereenietoasnren 27
Rudder angle, AEgrE66.-u i ereerncertoeereenancnrenenees eeee 423

NATTONAl, ADVISORY
COMMITTEE FOR AFRONAUTICS
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(4) Principal dimensions of original  glider.

Figure /- Dimensions of the DM-/ glder. (All dimensons
are in inches.)
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G) Dimensions of the sharp leading edges
anqd of the elevon contro/ s/ofs.

Frgure /- Concluded.



(a) Original configuration; three-quarter side view,
Figure 2.- The DM-1 glider mounted on the Langley full~scale-tunnel
balance supports,
R
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{(b) Vertical fin removed; side view.

Figure 2.- Continued.
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(¢) Vertical {fin removed and semispan sharp leading edge attached;
top view.

Figure 2.- Concluded,
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Figure 3 ~Aerodynamic . characteristic  of the DM-I
glider with and without sharp leading edges.
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48961

PR a« = 20.1
(a) Original DM-1 glider.

Figure 4.- Tuft surveys of the flow over the DM-1 glider.
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(b) The DM-1 glider with semispan sharp leading edge
installed.

Figure 4.- Continued.
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(¢) Wing of the DM-1 glider with elevon control slots open.

Figure 4.- Continued,
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NACA LMAL
49309

NACA LMAL
45308

o =34.5 R

(d) Wing of DM-1 glider with elevon control balance
slots sealed,

Figure 4.~ Continued.
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(e) Wing of DM-1 glider with elevon control balance slots
sealed and semispan sharp leading edge installed.

Figure 4.- Concluded. <.
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@ E/ements of flow over
Q 7riangular wing
having a rounded
leading edge. at hugh
Keynolds rumbers.

(c) E/ements of flow over
a frangular wing at low
Reynolds numbers or
over a friongular Wing
having a sharp /eading
edge.

L _J

Fig. 5

{
I

(b) Elements of the
vertical component
of floew over
section AA.

(9) Elernents of the
verfical cornponent
of flow over
sectfron BB.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 5.— Diggrams of the flow over friangular wings.
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